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HMt  lxelnnc«  duvloc  Itm  arouad  •  Herisoatal 

Qjrliadw  is  llur«fl«a  Air 

AJCsRabror 

In  thia  raport  are  giren  the  reaulte  obtained  during  experiaental  inreatiflatinc 
heat  exchange  during  free  ffloreaMnt  of  air  in  rarefied  apaee.  Criterial  relatioaa 
are  giran  for  the  calculation  of  heat  exchange  in  a  broad  range  of  Or  IT  Talaes« 
and  in  the  presence  of  a  subataatial  tenperature  Juap  aa  well* 

At  preaent  tim  reliable  generalined  dependenoaa  for  heat  exchange  at  free  Doea^ 
Bent  hare  been  obtained  for  turbulent  conditiona  and  for  such  conditiona  of  lani* 
nary  aoreaent*  when  the  thickneaa  of  the  bounded  layer  la  anall  in  oonpariaon  to 
the  dioanaiona  of  the  body* 

Ihe  theory  of  alailarlty  allowa  to  establish*  that  the  deteraiinant  criterion  for 
heat  exchange  under  conditions  of  laniaary  free  morenent*  in  the  oaaa  of  negligibly 
low  effect  of  inertia  forces  are  the  derlTatiTes  of  the  GTaahof  and  Brandtl  GT  IT 
criteria.  According  to  nunerous  experimental  data  *  at  snail  Or  fir  ▼alues  (of  the 
order  of  1  and  less)  the  fortaation  of  the  bydrodynamle  and  thermal  boundary  layer 
is  neatly  influenced  by  the  dimensions  and  form  of  the  body*  nils  characteristic 
can  take  place  at  anmll  dlmnsions  of  the  body  or  at  low  pressures.  Ihe  lack  of 
generally  accepted  mathematioal  dependenoiea  calls  for  special  iUTeetlgation  of  heat 
exchange  with  consideration  of  the  factors  mentioned*  In  thia  experiment  is  in- 
Testigated  heat  exchange  of  a  horizontal  cylinder  in  rarefied  air*  Special  atrCeatioB 
is  being  deroted  to  the  effect  on  heat  exchange  of  the  temperature  Jung  at  the 
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at  the  surfeee  of  the  Minple* 

Heat  ezebange  of  a  horizontal  cylinder  was  inTestigated  by  IV'A^NLUieyeTQ^  t 

XlenbaasQOt  Senftlebea^J*  In  the  experluents  by  Madden  and  PLratj^^  •  Kyte«Niiddan 

and  liret^^tfe  presented  data  of  experisanta  in  rarefied  c|8es« 

The  broadest  scope  is  taken  up  by  eriterial  dependencies  Na  ^  f  (qt  Ft)  obtain* 

ed  in  experiments I3J  •  In  fig  1  are  given  curves  corresponding  to  the  Senft* 

- ^ 

(( ir  Pr)T  In  s  , 


leben  formula 


Nil  =  • 


In  s  I 
--  1  + 


(Gr  Pr) 


^rlTlnx  .  r 


1  + 


X 

(GrPr)t 

and  l^etNadden  Piret  equations 


(i.im 

r 

l()-^<  Gr  Pr<10“ 


0) 


Nu  ’  “  <  Gr  Pr  <  10'  ^  .  (2) 

^fpr)"»  >0“  •  (3) 


rig.l.Heat  sxehanae  of  a  horizontal  cylinder  in  unlimited  spact 
l»Sanftleben  depandenosi  2«l^rtStlMddea  Firet  depondenoet  3*e*n*ralizations  of 
present  report^ 
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Iqiaations  (2)  aod  (3)  art  Talld  in  the  abeanee  on  the  surfnoe  of  a  taaperature 
Juagp  and  slide  of  effeeta  •>  caused  by  deep  rarefaction* 

A  coBiiparison  of  dependences  on  fie*l*  does  not  rsTsal  the  effect  of  rarefaotiop 
on  the  laws  of  hear  exchange  during  free  aoreBMOt  in  a  wide  range  of  dr  ft*  nuad)ers 
if  the  near-wall  rarefaction  effects  are  not  substantial* 

The  author aj^Jnnd^^  conduzted  experlawnts  with  thin  wires  with  dianster  of  0«07t 
0*0/8  and  0*251  oat*  Ihe  tested  species  were  placed  in  a  hollow  under  a  glass  corer 
with  4(liaBieter  of  457  nnd  height  of  660  isa*  The  pressure  was  changed  within  liaits 
of  0*05  am  Hg  to  one  ata*  Tte  dependencies  obtained  by  these  authors  can  be  acce]^ 
ted  in  the  case  whan  there  is  no  shell  effect  on  the  boundary  layer*  This  problem 
was  baseless  in  the  reports  byjVj  and|5jLsinee  at  low  pressure  the  boundary  layer 
diaensions  can  be  rery  ^reat*  and  the  process  of  heat  exchange  in  a  rarefied  gas 
under  real  conditions*  is  on  a  limited  scale  *  the  effect  of  the  walls  is  a  |M>ssib- 
ility*  Under  definite  conditions*  as  will  be  Shown  below*  it  aay  becoae  qiuite  sub¬ 
stantial* 

To  stxidy  the  abore  santioned  characteristics  and  establish  the  boundaries 
and  nature  of  the  influences  of  the  rarefaction  effects  *  particularly  the  effect 
of  the  temperature  Jump*  heat  exchange  was  inTsstigated  of  horizontal  cylinders 
with  diameters  of  1*31  n  (made  of  stainless  steel)  and  9*9  nn  (made  of  copper)  in 
a  prej"-'*7e  range  from  0*005  to  I30  on  Eg  and  temperatures  of  frost  50  to  150*0* 

The  sf'  iS  were  placed  in  the  center  of  a  steel  cylinder-shell  with  dismeter  sf 
520  SB  Might  of  600  m  parallel  to  bottom  and  lid* 

The  temperature  of  the  cylinders  was  measured  with  the  aid  of  Nichrone-Oonstan- 
tan  thermocouples  and  semiautomBtie  potentiometer  type  12/1*  Tc  measure  pressures 
in  the  range  of  0*001-5  hsed  the  Me-Leoi  multirangc  pressure  gags*  in 
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th*  5*130  m.  Rig  range  with  a  shortened  U-ehaped  mercury  pressure  gage* 


When  proeessing  the  experimental  results  in  oriterial  form  the  detwmlnant  di* 
mension  was  the  diamster  of  the  cylinder |  the  physical  parameters  of  the  air  were 
established  by  the  awerage  tsnperature  of  the  oyllnder  and  shell* 

The  intensity  of  heating  the  sample  was  found  with  the  aid  of  anneters  of  the 
0*2  elass  and  R/l  potentiometer*  Heat  losses  due  to  emission  and  heat  eonduotion 
aooording  to  the  thermocouple  wires  were  estimated  at  thorou^  awaouation  of  the 
system  -  to  pressures  of  the  erd«r  of  2 •10*3  nm  Hg* 

On  flg*2  are  giren  the  experimental  dependeneies  Mki^f  (Qr  St)  for  the  inwest  * 
igsted  range  of  pressures*  The  nature  of  the  dependeneies  has  certain  qualltieSt 
described  in  report  where  a  partial  inTsstlgation  was  mde  of  the  problem  oonoeT' 
ning  the  effect  of  rarefaction  on  heat  transfer  in  spaoe  between  coaxial  cylinders* 
the  drawing  are  shown  seotions*  where  the  walue  Hi  does  practically  not  de¬ 
pend  upon  the  deriwatiTe  GtrlT  (for  samples  with  diameter  of  9*9  mn  at  Or  fir  ■10**^*3 
*  10*^*  with  diameter  of  1*31  am  at  Ch  Br  >  10*3  -  10”^).  nils  indicates  a  reduct¬ 
ion  in  the  effect  of  free  movement  on  the  heat  exe/ianga  because  of  contraction  of 
the  boundary  layer*oaused  by  the  rsTarse  currents  near  the  walls  of  the  shell* 

In  fig*2  are  also  giren  data  of  experiments  made  by  ^4^  *  The  absence  among 
them  of  the  Heat  exchange  condition*  close  to  pure  heat  conduction  ,  is  explained 
by  the  fact*  that  for  thin  wires  the  dimensions  of  the  boundary  layer  were  aaall 
in  comparison  to  the  dimensions  of  a  bell  and  there  was  no  wall  effect* 

Following  the  condition  of  alsmst  pure  beat  conduction  the  sharp  drop  in  heat 


exchange  is  caused  by  the  rise  in  temperature  Jump  at  the  wall  of  the  speciamn* 
The  temperature  Jum^||teeomss  substantial  at  such  pressures*  when  the  awerage  length 


of  molecular  free  xtua  becosms  oompatible  with  the  dimensione  of  the  body*  This 


phenomenon  was  inTsstigated  others* 
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At  0r«at«r  rarefaetioM  the  effect  of  the 


tengperature  Joagp  leads  to  a  sharp  scatter¬ 


ing  of  dependence  points  Nh  ■  f  (Or  I^)« 


Consequently  •  to  represent  the  esperiiaental 
data  by  a  general  erlterial  equation  one  de» 


taralnant  Chft  criterion  is  insufficient* 

Qy  examining  fig  2  it  becones  clear*  that 

the  data  of  the  iMcrlcan  inTestlgstars[43 

rig,2*lxperiaantal  data  on  heat  transfer  and  presented  here  are  well  superimposed 
of  horisontal  cylinders  in  rarefied 

air  on  one  euTTs*  where  there  Is  no  wall  effect 

1*2-Madden  Hret  at  d  «  0*07*  0*251 

t  *  65^  3*4«5  *  the  authors*  at  t  *  150*and  where  the  tesq^ature  Jump  has  not  yet 
100*  3Q*0t  d  «  1*31  lani  6*7  -the  authors* 

at  t«150*  lOO^C*  dPi9«9Bih|  8-ky  dspendease  taken  effect*  Ihe  dependence  for  that  ourre 
(7). 

is  nonlinear  in  logarlthalo  coordinates*  It 

can  be  expressed  in  fora  of 

Hh^  ■  C  (  dPBr)*  (4) 

^e  and  henceforth  designates  the  Nusselt  criterion  for  heat  exchange  at 
nree  moreaent  in  unlimited  spacei  C  and  n  -TariableSfagmonyaously  determinable  by 


the  dlir  deriTatiee* 

The  dependense  for  n  according  to  experimental  results  in  the  range  10**^  ^  Qcfv 
4  1o3  is  obtained  rectilinear  and  is  expressed  by  formula 

n  >  0*14  *-  0*045  (3) 

In  this  Tsry  range  _ 

C  «  0*98  -  0*01  (Ig  (kttr  (6) 

In  this  way  equation  (4)  for  heat  exchange  at  laminary  free  morsment  around 

a  herisontnl  eylinder  in  unlimited  space  acquires  the  form  of 

«  fo*98  •  0*01  (ig  (ifnp)2j  (»»)  o*i4*o*oi5  ig  qpBp  (7) 
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Th«  darlTcd  fonula  1b  in  cxBBllBnt  eonfoarmity  with  the  dependeneieB*  preBBated 
in  fig»l«  It  ean  be  perfectly  well  need  in  the  range  of  10*7  l^QeVgZ.10^, 

The  lower  intensity  liadt  of  heat  ozehange  at  free  mo^enent  is  the  tranafer  of 
heat  by  heat  eonduetion.  inalyaie  of  reaulta  of  ozporimntB  JkJjsJ  experi- 
aanta  carried  out  hare  allow  to  atato*  that  for  the  horizontal  cylinder  in  unliidt- 
ed  apoee  or  in  the  abaenoe  of  aholl  wall  effect  auch  a  limit  doea  not  com  into  being 
eren  at  wary  amall  dctr  numbera* 

In  limited  apaeo  at  wary  anall  QeSt  raluea  heat  ezohange  w*i.ll  be  detarminad  by 
pore  heat  eonduetloma  In  the  aiatpler  eaaa^  e*g*for  two  eoaxial  cylinders  of  ixifinlto 


length*  the  Hh  critoriem  for  heat  conduction  will  be 

Mb,  -  In  dg/di  (8) 

Aa  is  sTident  *  the  maximum  Talus  cf  the  Nb  number  depends  upon  the  ratio  of  the 
diameters  and  has  no  constant  Talue*  This  is  true  also  for  Tertioal  cylinders.  Ihe  •> 
refore  the  remarks  of  certain  authors^']  about  the  ezlstenoe  of  a  limit  in  lliji  nua  > 
bar  at  heat  exchange  luader  oonditiona  of  free  mormaant  for  a  cylinder  can  be  consi¬ 
dered  as  Toid  of  any  foundations  • 

Vhen  calculating  heat  exchange  by  formula  (7)  are  possible  errors*  the  aouross 
of  which  are  I 

a) thermBl  losses  along  the  axis  of  the  specimen  as  result  of  its  finite  length} 

b) effect  of  shell  walls  on  boundary  layer} 
e)effeet  of  temperature  Jump  at  surface  of  sample} 

We  shall  establish  the  limits  of  applicability  of  this  ferula* 

If  the  eylindrioal  sample  is  in  limited  space*  the  the  heat  exchange  conditions 
for  it  are  soswwhat  close  to  the  heat  exchange  conditions  for  a  sphere*  For  two 


concantric  spheres  with  diameters  dx  and  d2  the  Nb^  number *determiiiable  by  the  die  -* 
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(9) 


of  the  ixmer  sphere  •  vlll  be  foaad  from  forouls 

2 

ItaT“  1  -  di/d2 

within  the  lledt*  when  d2^/d2 — *  ^ 

If  the  rsdius  of  the  sphere  V2  is  eq.usl  to  the  distnnoe  from  the  axis  of  the 
eylindriesl  sample  to  the  shell,  and  the  diameter  of  sphere  dj^  equals  the  diaamtsr 
of  the  asBiple,  then  the  Talus  Nuj  for  the  cylinder  of  finite  dimensions  lies  between 
the  results,  obtained  by  formulas  (8)  and  (9).  This  Talus  appears  to  be  the  irut 
limit  of  existanee  of  a  free  morement  around  a  cylinder  in  limited  space. 

Nhf  ean  be  determined  exaetly,by  solTlng  the  problem  of  heat  conduction  in  bOi> 
dies  of  complex  fona.  Nit  is  found  approximately  by  formula  (8)  for  species  with 
L  ^0.01  (  h  •  length  of  specimen) 

If  Nhf  is  known,  then  the  iSiTlmum  Talue  ChlTp  at  which  fornula  (7)  is  still 
applicable,  can  be  found  either  by  fig.2  or  directly  from  formula  (?)• 

The  change  orer  into  a  condition  of  almost  pure  heat  condnotion  is  q^ite  ab» 
rupt,  it  does  not  depend,  by  the  way,  upon  the  temperature  of  the  specimen.  This 
adds  a  certain  definiteness  into  using  the  maxinum  Or  Pr  Talue.  At  Or  IT  ^  (CUr 
Talues  the  calculation  mist  be  conducted  by  heat  conduction  foonmilas.  The  use  of 
(7)  for  these  conditions  may  lead  to  greater  errors. 

According  to  carried  out  experiments  (fig.2)  the  effect  of  shell  walls  ean  be 
considered  if  Or  IT  v  10^*5  at  l«8*icr2,  and  also  when  Or  Bp  ^10*<5  at 

d]^/d2.^2«10”^.  As  d2  was  accepted  a  doubled  awerage  distance  fr<»i  the  axis  of  the 
specimen  to  the  shell. 

The  effect  of  the  temperature  Jusp  ,as  established  by  experiments,  nay  reflect 
itself  in  the  condition  of  pure  beat  conduction  as  well  as  in  the  condition  of  un* 
distorted  by  walls  free  motion.  Ihe  determinant  criterion  for  consideration  of  the 
temperature  jump  is  the  Khudsen  number  X  ■  I  /d,  whore  1*  -  aTeraje  length  of  free 
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run  of  moloeuloa  •  and  d-dianottr  of  tha  eylindar* 

On  fig«3  in  logarithmie  eoordlnataa  aro 

giren  the  dapendenoaa  Ifa  ■  f  (K)  in  accord 
anoe  with  exparioental  rasulta  obtained 
by  the  author  and  other  reaeareheraj^J  • 

The  beginnll^  of  the  near-«all  rarefao-' 
tion  effeot  is  determined  by  eurwe  inflec¬ 
tion  points,  which  for  a  cylinder  with  a 
9*9  nan  diameter  corresponds  to  a  condition 
of  almost  pure  heat  conduction  (Ig  (k  Pr 
^  -3,  fig.2)t  for  cylinders  of  small  di¬ 
mensions  (Midden  Piret  experiments)  -  to 

FU.3.1).MDd.M.  1^  »h  UPO.  I.  •  ot  fr..  (1,  ar  B  . 

and  *  2-aoeording  to  experiments  l?y  the  _v- 

author  at  d  •  9*9  •  100  *  ^  instances  the  indicated  ef- 

^Gi  0  &  4  according  to  Madden  Hrat  ex»  .  ^v_.  ^ 

perimants  at  d  ■  0,251  m  and  0,07  begins  at  1|^  ~  2,3,  i,e,at  K  '^^0,0^, 

t  ■  65®C, 

For  conditions  of  heat  transfer  by  heat 
conduction  at  pressures,  when  the  temperature  Jump  at  the  wall  reduced  heat  exchange 
(K)^0,02),  (instead  of  formula  (8)  for  coaxial  cylinders  it  is  easy  to  obtain 


Nu„ 


In  A  +  2  3  A  A  +  1 

d,  Ji\di 


(11) 


MUp  will  designate  the  Ikisselt  criterion  for  heat  exchange  in  the  presenoe  of  a  sub¬ 
stantial  teioperature  Jump, 

In  derlTing  formula  (II)  was  used  an  expression  for  the  temperature  Juav  at  the 


Footnote  to  page  The  magnitude  I  for  air 


from  the  dependence  in  the  book  by  Dos 

sea/?  I 


where  dynamie  strength, 
ature^f  air,  ®K, 


^\7l 

m 


r  was  datarmln^  hr  fornula  obtalMd 


essure  in 


rerage  temper 


FTI^TT-62-135/l<*2 


8 


•urfao*  of  •  ejrliaAor  in  form  of 

4T  dT/dr 

^r«»  aeeording  to  K«tuiard^3 


(12) 


3  = 


2  —  a 


9k -5 


(13) 


k+\  4 

whore  a-  eoeffleiont  of  tharmal  aeoomodatioa^-  waluot  characterizing  the  coiqpleteneaa 
of  fflolaeular  energy  exchange  on  the  eurfaeei  k  «  Op/e^.  The  accomodation  ooef^leienta 
on  the  aurfaoe  of  the  cylinder  and  ehell  for  the  eake  of  aiaplieity  were  accepted 
a a  identical. 

Baring  noticed  that  I/dj^  *  K.  and  the  magnitude  e  1  at  amall  did2  can  be 

conaidered  approximately  equal  to  1.  we  can  write 


Nup  = 


In  +  2  p  K 

d,  • 


Thking  into  consideration  (8)  we  obtain 


Nu, 


1 


(14) 


(15) 


NUt 


4-  3  K 


To  calculate  the  transfer  of  beat  by  heat  conduction  from  a  cylinder  of  finite 
dimaneions  in  rarefied  air  the  walue  is  determined  for  limited  apaee.as  was 
shown  before. 

Karanau^^  obtained  a  formula  in  the  form  of  (13)  •  describing  heat  exchange 
of  a  sphere  in  a  subsonic  flow  of  rarefied  air.  In  making  a  conclusion  he  assumed 
thet  the  heat.tranmitted  from  a  surface  at  a  temperature  t^  to  a  gas  at  a  temperatU'- 
re  t^,  for  the  case  of  a  temperature  jump  equalling  the  heat,  which  would  be 
transmitted  at  a  temperature  differenee  of  the  surface  and  gas  (t„  -/^t)«t^  and 
absenee  of  tm^mrature  jump* 

according  to  Kawanau.  beta  can  be  found  from  experiment.  Determined  by  experimen- 
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tatioAf  b«ta  takaa  undar  oonaidaartion  tha  errora  from  ainvlifyiag  aaauauDtiona  duriac 
tha  dariration  of  foraila  (1^)«  Ibaaa  arrora  ean  ba  laaignif leant* 


Irm  foraula  (l^) 

_* - L_  =  ^  K 

NUp  Nut 


(16) 


Dapaodanea  (16)  abown  in  fig  4  in  aeeordanea  with  azparimantal  results  with 
ooppar  eylindar  (d]^B9*9  sn)  and  with  eylindar  aads  of  stalnlass  steal  (d^»l«31  am)* 
lha  walua  was  aooaptad  for  both  instanoas  according  to  the  eurva  on  fig*2* 


Fig*4*llspandaaoas  Nhp  •  ^  t  (,K)t 

1-  for  ooppar  eylindar |  2-  for  stainless  steel  eylindar 


Tha  obtained  dapandanoas  (functions)  are  ractilinactri  to  them  oorraspond  Taluaa 
^  *  3«5  ooppar  eylindar  and  3*28  for  tha  stainless  steal  cylinder*  Tha  m- 

pariaental  data  ware  prooassad  by  tha  method  of  tha  least  sqijares*  If  tha  errors  in 
datarmining  beta  era  disregarded*  then  for  the  eoaffieiant  of  acooiaodation  a  are  ob» 
tainad  Taluas  of  0*63  and  0*67  raspaetlTaly* 

At  wary  hi^  rarafaotions*  whan  the  length  of  tha  free  run  will  ba  aqpial  or 
greater  than  tha  dimensions  of  the  shall*  tha  eooeapt  about  tha  tamparatura  Joogp  and 
about  tha  transmission  of  heat  by  heat  conduction,  loses  its  meaning*  Heat  transfer 
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is  remlissd  bgr  frsa  aolsoulss*  haTing  no  Intsnsdiats  eollisioaaa  In  formula  (15) 
in  this  easa  oan  be  disragsrdad  ths  first  msmbsr  in  the  dsnominater*  thus  arriring 
at  a  dspandanas  for  free  molaoular  haat  axehangs.  This  phenoMnon  has  been  wall 
rastigatad*  The  msthamstleal  forsulas  ara  appliad  in  eoursas  of  molaeular-kinetie 

thaory  of  gssas* 

To  ealoulata  haat  axohanga  at  a  daTolopad  laminary  frae  moframent  with  eonsidar 
ation  of  the  tanparatura  Juitp  it  is  advisable  to  use  formula 


Nu, 


(17) 


Nu*  +  p  K  ’ 

where  Nuj^  -  Nusselt  oriterion,  found  for  free  movement  from  expression  (7).  The  af« 
feat  of  the  teiqperatura  Jungp  is  eonsidar  ad  as  the  aeeond  member  in  the  denoaiinator« 
Formula  (17)  is  valid  for  a  body  of  any  given  form  with  constant  temperature 
over  the  surfaea*  It  is  obtained  easily  whan  investigating  haat  exchange  on  the  sur¬ 
face  in  conditionsjof  rarefaction*  whan  it  is  necessary  to  take  into  oonsidaratioa 
the  tanperatura  Jump*  When  0*02  formula  (17)is  brought  down  to  (7)*  provided  t|ia 
valua  ^  X  is  disregarded. 

5^ymnyT.Y  <,n 
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